• We introduce a technique to test whether intrinsic fetal heart rate variability (iFHRV) exists and we show the utility of the technique by testing the hypothesis that iFHRV is affected by chronic fetal hypoxia, one of the most common adverse outcomes of human pregnancy complicated by fetal growth restriction.
Key points summary
• We introduce a technique to test whether intrinsic fetal heart rate variability (iFHRV) exists and we show the utility of the technique by testing the hypothesis that iFHRV is affected by chronic fetal hypoxia, one of the most common adverse outcomes of human pregnancy complicated by fetal growth restriction.
• Using an established late gestation ovine model of fetal development under chronic hypoxic conditions, we identify iFHRV in isolated fetal hearts and show that it is markedly affected by hypoxic pregnancy.
• Therefore, the isolated fetal heart carries a memory of adverse intrauterine conditions experienced during the last third of pregnancy.
• Indices of iFHRV may improve fetal health surveillance by helping to diagnose prediction of fetal hypoxia and acidaemia during antenatal or intra-partum fetal compromise.
Abstract
Fetal heart rate variability (FHRV) emerges from influences of the autonomic nervous system, fetal body and breathing movements, and from baroreflex and circadian processes. We tested whether intrinsic HRV exists in the fetal period and whether it is affected by chronic fetal hypoxia. Chronically catheterized ewes carrying male singleton fetuses were exposed to normoxia (n=6) or hypoxia (10% inspired O2, n=9) for the last third of gestation (105-138 dG; term~145 dG) in isobaric chambers. At 138dG, isolated hearts were studied using a Langendorff preparation. We calculated basal iFHRV matrix indices across five signal-analytical domains from the systolic peaks within 15 min segments in each heart. Significance was assumed at p<0.05. Maternal hypoxia yielded chronic fetal PaO2 values of 11.5±0.6 (mean+SEM) relative to controls of 20.9±0.5 mmHg. Hearts of fetuses isolated from hypoxic pregnancy showed approximately 4-fold increases in the Grid transformation as well as the AND similarity index (sgridAND, informational domain) and a 4-fold reduction in the Scale dependent Lyapunov exponent slope (invariant domain). We also detected a 2-fold reduction in the Recurrence quantification analysis, percentage of laminarity and recurrences and maximum diagonal line (dlmax, geometric domain) and in the Multiscale time irreversibility asymmetry index (energetic domain). dlmax and sgridAND correlated with left ventricular end-diastolic pressure across both groups (R 2 =0.32 and R 2 =0.63, respectively). This is the first evidence that iHRV originates in fetal life and that chronic fetal hypoxia significantly alters it. Isolated fetal hearts from hypoxic pregnancy exhibit a lower complexity in iFHRV.
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Introduction
Antenatal electronic monitoring of fetal heart rate (FHR) is widely used clinically and it is an important tool to assess the fetal condition (Westgate et al. , 2007) . FHR monitoring is routinely used to assess fetal well-being in pregnancies affected by utero-placental dysfunction and profound, prolonged alterations in FHR variability (FHRV) are thought to represent acute fetal compromise (Yamaguchi et al. , 2018) . Persistent reductions in short term variation (STV) below 3 ms in the antenatal period, within 24 hours of delivery, is moderately predictive of an increased risk of metabolic acidosis in the neonate, and early infant death (Infant Collaborative Group, 2017) (Kapaya et al. , 2016) . As such, STV, as part of computerized cardiotocography (cCTG) examination, is not recommended as the sole means of antenatal surveillance of human fetuses with suspected utero-placental dysfunction (Grivell et al. , 2010) . Therefore, there is an urgent need for additional indices of FHRV for diagnostic prediction of fetal hypoxia and acidaemia during antenatal or intra-partum fetal compromise.
It is established that normal FHRV represents a complex, nonlinear integration of the activities of the sympathetic and parasympathetic nervous systems. Fetal body and breathing movements, sleep states (Nijhuis et al. , 1982) as well as baroreflex and circadian processes also influence FHRV (Dalton et al. , 1977; Visser et al. , 1982; Frasch et al. , 2009; Jensen et al. , 2009 ) . There is some evidence for intrinsic pacemaker rhythms of the sino-atrial node that affect HRV in critically ill adult patients (Papaioannou et al. , 2013) . However, whether intrinsic HRV (iHRV) exists in the fetal period and whether it is affected by adverse intrauterine conditions has never been tested.
The isolated Langendorff ex vivo preparation of the fetal sheep heart is perfectly suited for assessing iHRV because it is devoid of any innervation or systemic hormonal influences.
Therefore, the objectives of this work were to introduce to the field a new technique for physiological research and to show its utility by assessing whether iFHRV exists. Further, combining novel technology only recently available to induce chronic fetal hypoxia and fetal growth restriction in ovine pregnancy Allison et al. , 2016) , we tested whether iFHRV is affected in the compromised IUGR fetus in late gestation. The data show that iFHRV exists and that it is affected by chronic fetal hypoxia, thereby expanding technology to diagnose the chronically compromised fetus and improve fetal health surveillance.
Methods
Surgical Preparation
All experiments were performed in accordance with the UK Home Office guidance under the Animals (Scientific Procedures) Act 1986 and were approved by the Ethical Review Board of the University of Cambridge.
Briefly, chronically catheterized ewes carrying male singleton fetuses were exposed to normoxia (n=6) or hypoxia (10% inspired O2, n=9) for the last third of gestation (105-138 dG; term~145 dG) in bespoke isobaric chambers, (Brain et al. , 2015 b ; Allison et al. , 2016; Shaw et al. , 2018) .
At 138dG, isolated hearts were studied under a Langendorff preparation using established techniques (Fletcher et al. , 2005; Niu et al. , 2013 Niu et al. , , 2018 (Fig. 1 ).
At 100±1 days gestational age (term ca. 145 days), pregnant Welsh mountain ewes carrying singleton pregnancies determined by ultrasound scan (Toshiba Medical Systems Europe, Zoetermeer, the Netherlands) underwent a laparotomy under general anaesthesia. In brief, food but not water was withdrawn for 24 h prior to surgery. Anaesthesia was induced by Alfaxan tunnelled subcutaneously, and exteriorized via a keyhole incision made in the maternal flank to be kept inside a plastic pouch sewn onto the maternal skin. Inhalation anaesthesia was withdrawn, and the ewe was ventilated until respiratory movements were observed. The ewe was extubated when spontaneous breathing returned and moved into a recovery pen adjacent to other sheep with free access to food and water. A total of 18 Welsh Mountain ewes carrying male singleton fetuses were surgically instrumented for this study.
Postoperative care
Following surgery, ewes were housed in individual floor pens with a 12 h:12 h light:dark cycle and free access to hay and water. Antibiotics (30 mg kg1 i.m. procaine benzylpenicillin;
Depocillin; Intervet UK Ltd., Milton Keynes, UK) were administered daily to the ewe for 5 days following surgery. From 103 days of gestation, ewes were fed daily a bespoke maintenance diet made up of concentrate and hay pellets to facilitate the monitoring of food intake (Cambridge ewe diet: 40 g nuts kg1 and 3 g hay kg1 ; Manor Farm Feeds Ltd.; Oakham, Leicestershire, UK).
Generally, normal feeding patterns were restored within 24-48 h of recovery. On day 103 of gestation, ewes were randomly assigned to either of two experimental groups: normoxia (N: n = 6) or chronic hypoxia (H: n = 9).
Ewes allocated to chronic hypoxic pregnancy were housed in one of four bespoke isobaric hypoxic chambers (Telstar Ace, Dewsbury, West Yorkshire, UK; Fig. 1 ), as previously described Allison et al. , 2016) . In brief, chambers were supplied with variable amounts of nitrogen and air provided via nitrogen generators and air compressors, respectively, from a custom-designed nitrogen-generating system (Domnick Hunter Gas Generation, Gateshead, Tyne & Wear, UK). Ambient PO2, PCO2, humidity, and temperature within each chamber were monitored via sensors, displayed, and values recorded continuously via the Trends Building Management System of the University of Cambridge through a secure Redcare intranet.
In this way, the percentage of oxygen in the isolators could be controlled with precision continuously over long periods of time. For experimental procedures, each chamber had a double transfer port to internalize material and a manually operated sliding panel to encourage the ewe into a position where daily sampling of blood could be achieved through glove compartments (Fig. 1) . Pregnancies assigned to the chronic hypoxia group were placed inside the chambers at 103 days of gestation under normoxic conditions (11 L sec-1 air, equating to 39.6 m3 h-1). At 105 days, pregnancies were exposed to approximately 10% O2 by altering the incoming inspirate mixture to 5 L sec1 air: 6 L sec1 N2.
Langendorff preparation
Fetal hearts were isolated, mounted onto a Langendorff apparatus and perfused at a constant pressure of 30 mmHg, as detailed by (Fletcher et al. , 2005 
FHRV analysis
To derive FHRV, recordings of fetal left ventricular pressure sampled at 1kHz were analyzed with the CIMVA (continuous individualized multiorgan variability analysis) software, as before (Durosier et al. , 2014) . Inter-beat intervals were extracted from the pressure recordings using the systolic peaks. A range of 55 basal iHRV indices was then calculated across five signal-analytical domains from the inter-beat interval time series, within 15 min segments in each heart, determined as an average of three non-overlapping 5 min intervals.
Statistical analysis
Data are presented as Mean + SEM. The Student's t test for unpaired data was used to compare variables from hypoxic versus normoxic pregnancy. Relationship between variables were assessed by the Spearman rank correlation. Statistical significance was set at P<0.05 (SigmaStat).
Results
Maternal P a O 2 was reduced in hypoxic pregnancy (42.0±1.2 vs. 105.7±3.7 mmHg, P<0.05).
Fetuses exposed to chronic hypoxia had a significant reduction in the partial pressure of arterial oxygen in the descending aorta (11.5±0.6 vs. 20.9±0.5mmHg, P<0.05).
Hearts isolated from chronically hypoxic fetuses showed distinct changes in iHRV measures across four signal-analytical domains (Fig. 2 ). There were approximately 4-fold increases in the Grid transformation feature as well as the AND similarity index (sgridAND, informational domain) and a 4-fold reduction in the Scale dependent Lyapunov exponent slope (SDLEalpha, invariant domain). We also detected a 2-fold reduction in the Recurrence quantification analysis, Combined, these data suggest that isolated fetal hearts from control pregnancy exhibited significant intrinsic FHRV. Further, isolated fetal hearts from hypoxic pregnancy showed a significantly lower complexity in iFHRV. Measures of dlmax and sgridAND also correlated with left ventricular end-diastolic pressure (LVEDP) across both groups (Fig. 3) .
Discussion
The data show that the fetal heart in late gestation has intrinsic influences, which may affect fetal cardiac function, and which can be picked up by FHR monitoring. Further, iFHRV is significantly affected by pregnancy complicated by chronic hypoxia. Combined, these discoveries provide a conceptual advance to this field of study, which may help in the interpretation of fetal heart rate patterns. Hence, the data provide potential translational biomarkers for the improved diagnosis of fetal health in human complicated pregnancy.
Analysis of FHRV has served as a scientific and diagnostic tool to quantify the fluctuations of cardiac activity under various conditions since the early 1980's (Akselrod et al. , 1981) .
However, surprisingly, little is known about its biological origins. From studies of healthy adult subjects during exercise and investigations of heart-transplant recipients, the field is aware that intrinsic components of cardiac rhythm can contribute substantially to HRV (Akselrod et al. , 1981) . However, a prenatal origin of intrinsic influences in HRV has been difficult to prove.
Further, if iFHRV occurs, whether it is affected by chronic fetal hypoxia, one of the most common outcomes of human pregnancy complicated by fetal growth restriction, is completely unknown.
Here, we provide the first evidence that iHRV originates in fetal life and that chronic fetal hypoxia significantly alters it. The significant relationship between nonlinear measures of FHRV and changes in left ventricular end diastolic pressure (LVEDP), which is elevated in fetuses from hypoxic pregnancy suggests that such FHRV measures may reflect fetal myocardial dysfunction, particularly during cardiac diastole. Therefore, alterations in iFHRV may prove clinically useful as a biomarker of impaired cardiac reserve and fetal myocardial decompensation during antepartum or intrapartum monitoring of the fetal heart in risky pregnancy or complicated labour.
The findings raise several questions. What are the mechanisms contributing to iFHRV in the late gestation fetus in normal healthy pregnancy? What is the transfer mechanism by which in utero chronic hypoxia imprints upon iFHRV? May it be via impacting on myocardiogenesis, which then affects patterns of cardiac contractility and relaxability, such as alterations in LVEDP? Does the putative transfer mechanism of in utero hypoxia upon iFHRV depend upon vagal and sympathetic fluctuations in vivo or is it entirely autochthonic, emerging from the adaptive processes within the excitatory cells themselves in response to chronic hypoxia?
Previous findings derived from sheep studies in which fetuses were subjected to a labour-like insult with worsening acidaemia and work in adult animal models of acidaemia indicate that around a pH of 7.2, the physiological myocardial activity is curbed via a Bezold-Jarisch-like reflex. This is a vagally-mediated myocardial depressive reflex that reduces cardiac output under conditions of moderate acidaemia, thereby preserving depleting myocardial energy reserves (Harry et al. , 1971; Nuwayhid et al. , 1975; Nuyt et al. , 2001; Frasch et al. , 2008; Gold et al. , 2017) . When labour is associated with worsening fetal acidaemia, fetal compensatory cardiovascular reflexes are sensitized (Thakor & Giussani, 2009 ) and at risk of becoming overwhelmed, leading to eventual cardiac decompensation and an increased risk of fetal brain injury (Yumoto et al. , 2005) . Fetal acidaemia impacts upon fetal myocardial contractility, which further promotes decreased cardiac output and the inability to maintain fetal arterial blood pressure (Frasch et al. , 2008 (Frasch et al. , , 2011 (Webber & Zbilut, 1994; Zbilut et al. , 2002; Webber & Marwan, 2015) . In the present study, chronic hypoxic pregnancy reduced the dlmax component of iFHRV, which correlated to an elevated LVEDP compared to hearts isolated from normoxic fetuses.
The grid transformation AND similarity index (sgridAND) measures the dynamic system phase space reconstruction trajectory, with a specific embedding dimension and time delay. It is binarized over a grid ( i.e. , pixel visited by the trajectory=1, all others=0) to produce an image.
Two grid images corresponding to different time delays or different windows in time are then compared (Roopaei et al. , 2010) . The sgridAND measure is the normalized sum of the binary AND operation on the two compared images and represents a similarity index between the phase space trajectory from two consecutive windows. Low values indicate that the iHRV dynamics have changed while high values mean the dynamics are similar. The latter is the case for the iFHRV calculated in hearts isolated from hypoxic fetuses (Fig. 4) . Again, this correlates with greater resting LVEDP.
Combined, our findings indicate that in utero hypoxia reduces the short-term predictability of iFHRV and increases its long-range similarity. Both effects do not contradict each other, because the effects are captured in different signal-analytical domains, one being a geometric feature of iFHRV and another referring to longer-term temporal processes in the informational domain.
Importantly, both changes occur with a consistent increase in LVEDP, demonstrating that complex iFHRV properties can be linked to a cardiac phenotype.
Study limitations
This investigation was conducted in an ovine ex vivo fetal heart preparation. Albeit derived in one of the most appropriate animal species that shares with humans similar temporal profiles of cardiac development (Morrison et al. , 2018) , the present findings must be validated in human cohorts. This could be performed in the context of human heart transplants, which will likely require a multi-site effort, because at this age it is rare, with~10 transplants performed in the US per year. (John & Bailey, 2018 )
Conclusions
We introduce a technique to the field of study that determines changes in iFHRV and validate the technique by showing that iFHRV measures can be significantly affected by chronic fetal hypoxia in physiological and clinically meaningful ways. These discoveries could lead to potential biomarkers that can be captured non-invasively from fetal ECG which may lead to improved diagnosis of fetal health antenatally and intra-partum. This may contribute to an improved and more timely diagnosis of fetal cardiovascular decompensation in human high risk pregnancy, before it is too late to prevent fetal brain injury (Gold et al. , 2017; Frasch, 2018; Yamaguchi et al. , 2018) . . Isolated heart perfusion model (Niu et al. J Physiol, 2013, 591: 5083-93 
